The crucial role of simple quantum mechanics in understanding neutrino oscillation experiments is pointed out by comparison with two-slit and Bragg scattering experiments. The localization of the source and detector in space in the laboratory system for long times leads to an uncertainty in the momentum but not of the energy of the neutrino. There is thus coherence between states having different momenta and the same energy and no coherence between states with different energies.
Just as in the two-slit electron diffraction experiment and in coherent Bragg scattering of photons by a crystal, the neutrino oscillation experiment describes the emission of a particle from a source and its detection by a detector separated from the source by a macroscopic distance, where there is no measurement of the precise path taken by the particle from the source to the detector. The observed intensity at the detector is calculated theoretically by summing coherently the amplitudes from all allowed paths and squaring this amplitude, thereby creating interference terms.
In the Bragg scattering experiment, the photon may be scattered by any one of the atoms in the crystal, transfering momentum and energy, but which atom scattered the photon is not known. In a neutrino oscillation experiment, the neutrino carrying momentum and energy from the source to detector may be any one of the allowed neutrino mass eigenstates, but which mass eigenstate carries this momentum and energy is not known. Here the relevant paths are in energy-momentum space, rather than configuration space. That these facts are not known is not the result of simple ignorance. Simple ignorance of which path is taken by a particle does not introduce coherence between amplitudes. Coherence results only from an uncertainty required by quantum mechanics and this is the case both in Bragg scattering and neutrino oscillations.
In both cases, there would be no ignorance if the energy and momenta of all relevant particles could be measured precisely. A measurement of the momenta of all the atoms in the crystal before and after the scattering of the photon would determine which atom had absorbed the recoil momentum. Similarly, a precise measurement of the momentum and energy of the neutrino source before and after the emission of the neutrino would determine the energy and momentum transfers and therefore the mass of the neutrino carrying the momentum and energy.
It is precisely the uncertainty principle in quantum mechanics which prevents both the momentum transfer for each atom in the crystal and the momentum carried by the neutrino to be known with adequate precision to determine which atom scattered the photon and which neutrino mass carried the momentum and energy. The positions both of the atoms in the crystal and of the neutrino source in the laboratory are known to a precision which produces a sufficiently large momentum uncertainty to prevent the identification of the scattering atom or of the neutrino mass. The amplitudes for all possible contributions are therefore coherent and they must be summed coherently before squaring to produce interference terms.
B. The Static Point Source Approximation
Consider the case in which the neutrino is emitted from a point source which is at a definite position in the laboratory for all time. The energy of the neutrino can be determined precisely by measuring the energy of the source before and after the emission of the neutrino and taking the difference. But the momentum of the neutrino cannot be known at all, because the localization of the point source introduces an infinite momentum uncertainty.
In a realistic case, the source has a finite size and is not undisturbed for an infinite time.
But the relevant scales in all experiments seem to be such that the size of the source is very much smaller than all other relevant distances; e.g. the distance between the source and the detector and the wave lengths in space of any neutrino oscillation. The source remains undisturbed for a long time on the relevant time scale. Thus the static point source seems to provide a very good approximation for determining which amplitudes are coherent and which are incoherent. This is discussed quantitatively below. In this approximation all neutrino states with the same energy and different momenta give rise to coherent amplitudes which must be summed before squaring, while states with different enegy are incoherent and are squared before summation.
We thus see that the coherence in both Bragg scattering and neutrino oscillations arises from knowing the time-independent positions of relevant objects in the laboratory system to a precision which introduces uncertainties in their momenta. These uncertainties prevent the use of momentum conservation to distinguish between different possible amplitudes leading to the same final state at the detector. Because the experimental setup in the laboratory system is crucial to the determination of which amplitudes are coherent, it is necessary to introduce the relevant conditions determined by the experimental setup into any calculation from the beginning. It is also desirable to work at all times in the laboratory system, where the source, detector and scattering apparatus are not moving and the constraints from the uncertainty principle are most simply described.
II. WHAT WE KNOW AND DON'T KNOW ABOUT NEUTRINO PHYSICS
At this point it is useful to classify the information available to us about neutrino physics into three categories:
A. What we know from simple quantum mechanics Neutrinos propagate from the source to the detector as ordinary Dirac particles moving freely in space if they are not interacting with matter. There are at least three kinds of neutrinos with well defined masses which we do not yet know. They do not get lost in transit and the relative number of the different mass eigenstates is the same at the detector as at the source. The only thing that can change in the propagation from the source to the detector is the relative phase between the different mass eigenstates.
The observation of a difference between upward and downward going atmospheric neutrinos measured in the same detector can have only two possible explanations.
1. There are at least two different neutrinos with different masses emitted from the source and observed in the detector, and the detector is sensitive to the relative phases of the waves arriving from neutrinos with different masses. These relative phases oscillate with distance as a well-known function of the unknown neutrino mass differences. Thus the experimental results place constraints on the values of the neutrino mass differences and the couplings of the different neutrino mass states to the source and the detector (mixing angles in the language of the standard model).
2. The neutrinos traveling through the earth do not propagate freely but interact with matter. These interactions can change the relative magnitudes as well as the relative phases of the neutrino mass eigenstates reaching the detector. This is generally known as the MSW effect.
All these conclusions depend only upon quantum mechanics.
B. What we think we know from the standard model
In the standard model all the neutrinos observed so far in experiments are believed to originate from weak interactions and W and Z exchanges or decays in a source and to be detected via W or Z exchange in a detector. The couplings of the three neutrino mass eigenstates to the three charged leptons and the W is described by a 3 × 3 unitary matrix analogous to the CKM matrix in the quark sector. These are usually described in terms of mixing angles.
C. What we don't know and need to determine from experiment
The masses of the three types of neutrinos and the mixing angles describing their couplings to the W are completely unknown and are free parameters in the standard model. Furthermore we really do not know if the standard model relations between couplings are really valid and whether there might be new physics beyond the standard model influencing these relations. However, we emphasize here that at this point there is no justificaton for believing that new physics beyond the standard model can violate quantum mechanics.
Thus the conclusions from quantum mechanics described above hold even if the standard model is not valid.
III. JUSTIFICATION OF THE STATIC-POINT-SOURCE APPROXIMATION
We now use the above considerations to describe the neutrino oscillation experiment in more detail. If the energy and momentum carried by the neutrino are both known, the mass of the neutrino is uniquely determined, and there are no interference and no oscillations.
The space and time parameters defined by the conditions of a realistic experiment constrain the precise determinations of the neutrino momentum, energy and mass via the uncertainty principle in quantum mechanics .
Consider a neutrino oscillation experiment in which a neutrino is emitted from a macroscopic source whose size is described by a linear dimension S, and it is detected by a macroscopic detector at a distance D ≫ S from the source.
No measurement is made in the space between the source and the detector and there is therefore no information available about what actually occurs in this region. The crucial restriction imposed by quantum mechanics for this experiment is on the momentum transfer from the source. Since the position of the source is known with a precision of order S, there is an uncertainty in the initial source momentum and the momentum transfer which leads to an uncertainty in the neutrino momentum.
The energy of the source before the emission of the neutrino can be measured in principle with arbitrary precsion. The energy of the source after the neutrino emission can be measured during the time of flight of the neutrino from source to detector. This leads to an uncertainty in energy transfer and the neutrino energy
The uncertainty in the square of the neutrino mass is then given by
We thus see that interference effects can be observed at the detector between the contributions from neutrinos states with different masses if the squared mass difference is less than the value given by this relation (3.4) . The uncertainty in neutrino mass is seen to be due to the uncertainty in the neutrino momentum. Eq. (3.3) shows that the uncertainty in the neutrino energy is negligible. Thus any coherence observed at the detector between amplitudes from neutrinos with different masses must come from states with the same energy and different momenta.
The relative phase between two neutrino waves with masses m 1 and m 2 and the same energy and momenta p 1 and p 2 changes in traversing a distance D by the amount
For this phase to be of order unity and give rise to observed neutrino oscillations,
Thus the neutrino mass difference needed to produced oscillations with wave lengths of the order of the source-detector distance D cannot be detected in any experiment in which the distance from the source to the detector is much larger than the size of the source. This mass difference will be much less than the lower limit on detectable mass difference imposed by the uncertainty condition (3.4) The momentum difference between the different mass eigenstates having the same energy will be much smaller than the momentum uncertainty produced by the localization of the source.
The wave length of the neutrino oscillations is given directly by eq. (3.5).
For an example showing characteristic numbers, we note that for a pion decay at rest the neutrino momentum is ≈ 30 MeV/c or 3 × 10 7 ev/c, and let us assume two neutrino masses of 1 and 2 ev. Then the momentum difference between these two mass eigenstates if they have the same energy is
Sincehc ≈ 2 × 10 −7 ev × meters, the oscillation wave length will be of order 2 meters and knowing the source position with a precision of more than two meters will prevent the measurement of this momentum difference. If the two neutrino masses are 0.1 and 0.2 ev.
these numbers scale by a factor of 100 and p 1 − p 2 ≈ 10 −9 ev/c and the oscillation wave length is 200 meters.
This effectively says it all for neutrino propagation in free space between a source and detector whose size and distance satisfy the condition (3.1) that the distance between source and detector is much greater than the size of the source. The point source approximation is good. Except for the case of matter-induced oscillations and the MSW effect or for the case of propagation through external fields there is no need to engage in more complicated descriptions to obtain the desired results.
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